Recent results point to an important role for the nucleolus in the senescence of yeast cells. A further report suggests that the formation and preferential accumulation in mother cells of extrachromosomal rDNA circles is a cause of aging in yeast; this may be an ancient and conserved mechanism of senescence.
That yeast might provide a model for aging in animals, including humans, was demonstrated recently by the finding that mutation of the SGS1 gene, a yeast homolog of the human premature aging gene WRN, leads to premature senescence in yeast. It now appears that the generation of extrachromosomal rDNA circles, and their preferential segregation and accumulation in old mother cells, leads directly to cell death in yeast. The connection between SGS1 and the human WRN gene raises the intriguing, but as yet untested, possibility that a similar derangement of repeated DNA sequences may be one cause of aging in humans.
The aging-silencing telomere connection
In a pioneering study, discussed two years ago in these pages [1] , Guarente and colleagues [2] uncovered a surprising relationship between gene silencing and lifespan determination in yeast. Beginning with the observation that stress resistance and lifespan correlated in a series of different laboratory strains, they isolated stress-resistant mutants from a short-lived strain and identified some mutants among these (comprising four complementation groups) that also had elongated lifespans. The first mutation to be characterised turned out to be a truncation allele of the SIR4 gene, which had previously been shown to be required for transcriptional repression of silent (HM) mating-type genes, and genes placed immediately adjacent to telomeres. Significantly, this SIR4 allele (sir4-42) was found to be a gain-of-function mutation that required both SIR2 and SIR3 -whose products are also required for silencing and appear to act in a complex with Sir4p [3] -to extend lifespan. Null mutations in SIR4, as well as those in SIR2 or SIR3, actually decrease lifespan.
These curious findings led to a model in which senescence is suggested to be caused by a putative 'AGE' locus, expression of which is diminished in the sir4-42 mutant by the redistribution of the Sir repressor complexes from telomeres and silent mating-type loci to the AGE locus, thus elongating lifespan. Although consistent with the genetic results, and with accumulating evidence in the silencing field that telomeres might act as reservoirs of Sir proteins, release of which could control expression of genes elsewhere in the genome [4] [5] [6] , a direct test of this model would require, at a minimum, the identification of the putative AGE locus.
Because of the correlation between telomere shortening and senescence in humans (reviewed in [7] ), it seemed particularly intriguing that the yeast Sir proteins, in addition to their role in aging, were also involved in telomeric silencing and telomere length regulation. The predominant view in the mammalian aging field is that telomere shortening in somatic cells serves as a molecular 'clock' that promotes senescence. Yet telomeres do not appear to shorten with age in yeast cells [8] , so it has been unclear whether telomere length regulation normally plays any role in yeast senescence.
Austriaco and Guarente [9] have recently addressed this issue by experimentally modifying telomere length in yeast and examining the effect on lifespan. Contrary to the expectation of the mammalian model, they consistently observed an inverse correlation between telomere length and lifespan -that is, telomere shortening increases lifespan and vice versa. Telomere length correlates positively with telomeric silencing, however, which is consistent with the idea that, when telomere length increases and silencing at telomeres improves, the telomeres can more effectively compete with other loci for silencing factors.
Such a competition was first observed between telomeres and the silent HMR mating-type locus [10] , but has since been shown to extend to other (non-telomeric) sites [4, 6] . Accordingly, Austriaco and Guarente [9] surmise that the relevant consequence of telomere shortening is the release of Sir complexes from the telomeres, freeing them for recruitment at non-telomeric site(s) where they somehow act to prolong lifespan. This interpretation implies that, instead of functioning as a mitotic clock that causes aging, telomere shortening in human somatic cells might actually be a homeostatic mechanism designed to promote longevity. In this regard, they suggest that it would be quite interesting to determine whether telomere shortening is a common feature in other long-lived animals.
Sir proteins point to the nucleolus
What is the hypothetical AGE locus? By determining the sub-nuclear localisation of Sir proteins in both sir4-42 mutant cells and old wild-type cells, the Guarente and Gasser groups [11] recently provided strong circumstantial evidence that the AGE locus may in fact be the tandem rDNA repeats. To begin with, they observed a dramatic re-localisation of both Sir3p and Sir4p from their normal sites at telomere clusters to the nucleolus in sir4-42 mutant cells. This effect requires the function of UTH4 -another aging gene identified in the original mutant screen -and a homolog called YGL023, arguing that it is relevant to the increased lifespan phenotype of sir4-42. The significance of these observations is underscored by the fact that movement of Sir3p to the nucleolus is seen in old wild-type cells. This key result, in addition to neatly explaining the earlier finding that the loss of mating-type gene silencing is an age-related phenotype of wild-type cells [12] , argues that the nucleolus is a physiologically important site of action for Sir proteins that may have a key causative role in senescence.
In fact, the notion that Sir proteins might have a function in the nucleolus is not new. Gottlieb and Esposito [13] showed that mutations in SIR2 lead to an elevated level of recombination within the rDNA locus, suggesting that Sir2p acts to limit recombination within the rDNA repeats. More recently, two groups [14, 15] have shown that a form of SIR2-dependent (but SIR3-and SIR4-independent) transcriptional silencing can be observed within the rDNA arrays. Immunocytochemical studies [16] have also shown that Sir2p is normally located in the nucleolus, even in young wild-type cells, as well as at the telomeres. This latter report further showed that Sir3p also moves from its normal location at telomeres to the nucleolus when SIR4 is deleted. Although the relationship between these observations and senescence is not obvious, they support the notion that Sir proteins -or at least Sir2p -play some important role in nucleolar function.
The yeast WRN homolog SGS1 affects lifespan and also acts in the nucleolus
At the same time that the studies described above were being carried out, the cloning of the WRN gene, mutations in which cause the human premature aging disease known as Werner's Syndrome, provided an additional and quite surprising link between the nucleolus and aging. The protein encoded by WRN is homologous to a class of DNA helicases, the closest yeast relative of which is Sgs1p. Sgs1p interacts with both topoisomerase 2 and topoisomerase 3, and mutations in SGS1 affect recombination (at the rDNA and elsewhere) and chromosome segregation [17, 18] .
Given these hints, Sinclair et al. [19] examined sgs1 mutants for effects on lifespan, and found that a null mutant has a striking 60% shorter lifespan than wild type. Importantly, sgs1 mutants also display the aging-specific loss-of-fertility phenotype -the result of de-repression of the silent HM mating-type loci -during their abbreviated lifespan, which is hallmark of aging in wild-type cells. In contrast, mutations in two transcription factors -hap5 and ada1 -caused a decrease in lifespan relative to wild type, but no loss of fertility with increasing age. The authors conclude from this that loss of SGS1 function specifically causes premature aging, as the mutant cells display a shortened lifespan and the aging-specific sterility phenotype. Furthermore, Sgs1p, like Sir2p, localises to the nucleolus, and both sgs1 and old wild-type cells display extremely enlarged and often fragmented nucleoli. Interestingly, in young wild-type cells expressing high levels of Sgs1p, nucleolar fragmentation is also observed, suggesting that an imbalance in the stoichiometry of Sgs1p complex(es) may mimic the effect of the null mutation.
Another compelling piece of evidence for premature aging in sgs1 mutants is the observation that the Sir proteins (or at least Sir3p) are rapidly redistributed to the nucleolus in these cells, a molecular correlate of aging observed in old wild-type cells, as described above [11] . Because the movement of Sir proteins into the nucleolus is viewed as a response to aging, the issue arises as to whether nucleolar enlargement and fragmentation is also a consequence, rather than a direct cause, of senescence. Sinclair et al. [19] argue that the latter may be the case, for the following reasons. Nucleolar fragmentation still occurs at the same high rate in old sgs1 cells in which SIR3 is also mutated, demonstrating that Sir complex function is not required for fragmentation. On the other hand, SIR3 function not only promotes longevity in SGS1 wild-type cells (as shown before), but appears to repress nucleolar fragmentation, as this process occurs earlier in sir3 mutants.
Taken together with the fact that Sgs1p is itself nucleolar, these observations strongly suggest that some form of damage in the nucleolus, which occurs prematurely in sgs1 mutant cells, is a direct cause of early senescence, which can be at least partially counteracted by the recruitment of Sir proteins (see Figure 1) . Two important questions immediately arise from this work. First, what actually happens in the nucleolus of old cells that causes senescence? And second, is the phenomenon in yeast really relevant to Werner's Syndrome, and thus human senescence?
Extrachromosomal rDNA circles: a cause of aging?
The answer to the first question appears, in retrospect, to be remarkably simple. Murray and Szostak [20] showed, almost 15 years ago, that plasmids containing an ARS element -a replication origin -display a remarkable segregation bias towards the mother cell during mitosis. Noting this observation, together with the fact that the 9.2 kilobase rDNA repeat unit contains an ARS element and that both sir2 and sgs1 mutations had been associated with increased rDNA recombination, Sinclair and Guarente [21] asked whether old yeast cells might contain an excess of (excised) circular rDNA molecules relative to their younger offspring.
In populations of magnetically sorted old cells, they found a significant amount of supercoiled rDNA molecules in the old cells, compared to the barely detectable levels seen in young cells [21] . These rDNA circles appeared early in the lifespan of sgs1 mutant cells, suggesting that they constitute a genuine aging phenotype (like the previously observed sterility caused by loss of mating-type gene silencing [12] ). Significantly, these rDNA circles, present either as monomers or interlocked circles (concatamers), were estimated to be present in amounts equal to that of the total linear genome in old wild-type cells.
Using a genetically marked rDNA plasmid, Sinclair and Guarente [21] went on to demonstrate by pedigree analysis that, as expected, an rDNA-containing plasmid lacking a centromere does display a strong segregation bias to the mother cell. Interestingly, this bias breaks down in very old mother cells. The authors point out that this phenomenon mirrors that of the postulated 'senescence factor', whose gradual accumulation in mother cells, and eventual 'leakage' into their daughters, was proposed to explain the fact that daughters of very old mother cells are themselves born prematurely old [22] .
Perhaps the most convincing demonstration that extrachromosomal rDNA circles actually cause aging is the finding that their artificial generation, using the Cre-loxP system, provokes premature aging in otherwise wild-type cells [21] . Interestingly, this property is not unique to the rDNA, as a plasmid containing the ARS1 replicon will also induce premature senescence. This observation argues for a general titration effect as the proximal cause of senescence by the extrachromosomal rDNA circles, perhaps acting at the level of the replication or transcription machinery, though any direct evidence on this point is still lacking. It is certainly possible that the specific involvement of the rDNA -and hence the nucleolus -in aging is due simply to the fact that it is by far the most abundant tandemly repeated sequence in the yeast genome capable of independent replication.
In conclusion, these new results provide the outlines of a strikingly simple model to explain at least one cause of aging in yeast. Nonetheless, critical questions remain to be answered before a clear molecular picture can be drawn. To begin with, the role of the Sir proteins is still somewhat obscure. Does Sir2p delay senescence by suppressing rDNA excision events, or is its effect related to the silencing of rDNA transcription? What triggers the movement of Sir3p and Sir4p to the nucleolus, and how do these proteins act to delay senescence? Besides their effects on rDNA recombination and transcription, the Sir proteins have also been linked to illegitimate recombination and double-strand break repair, leading Sinclair and Guarente [21] to speculate that their movement into the nucleolus might be a response to damage to the rDNA. Regarding the function of Sir proteins in the nucleolus, another possibility to be considered is that they act to relieve the mother cell bias of plasmid segregation, an effect that has been documented for plasmids containing telomere repeats and sub-telomeric elements [23] . This function may be related to the ability of Sir4p to provide some sort of nuclear anchor [24] .
Finally, it remains to be seen whether the tantalising connection between the Werner's Syndrome gene and yeast SGS1 really means that a similar aging mechanism is at work in humans and other mammals. Certainly, mammalian genomes contain an abundant amount of tandemly repeated DNA that might provide a source of extrachromosomal circles, whose accumulation would then depend upon asymmetrical cell division. As Sinclair and Guarente [21] point out, yeast mother cells are analogous in this regard to mammalian stem or progenitor cells, which might be the best place to begin to look for extrachromosomal rDNA circles or other circular DNAs in aging animals. In addition, it would appear to be particularly important to unravel the regulatory connection between aging and telomere function in mammals, in order to understand better how lifespan is set in different species. Given the rapid pace of work in this field in the past two years, it is reasonable to hope that at least some of these issues will be clarified in the near future.
